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BUTARE2 
 
SUMMARY 
 
Common bean (Phaseolus vulgaris L.) yields are severely limited 
by abiotic stresses, including drought and aluminum toxicity. Work at 
CIAT (the International Center for Tropical Agriculture) seeks to develop 
resistance to these stresses, employing both intraspecific and interspecific 
genetic variability. The analysis of physiological mechanisms is more 
advanced in the case of drought. Although deep rooting offers access to 
more moisture, as evidenced by higher values of stomatal conductance and 
canopy temperature depression, in many genotypes this does not result in 
greater yield. Photosynthate partitioning to grain plays a major role in 
drought resistance.  Partitioning has been quantified as pod partitioning 
index (pod biomass at harvest as a percent of total biomass at mid-pod 
fill), and pod harvest index (grain as percent of total pod biomass). Both 
parameters consistently present significant correlations with yield under 
stress. Pod harvest index measured in a drought trial also correlates with 
yield in an aluminum toxic acid soil, suggesting that this is a mechanism 
of resistance to different abiotic stresses. Improved partitioning that is 
selected under drought stress also contributes to yield in favorable 
conditions. We suggest that the inefficiencies in partitioning in common 
bean are an ancestral trait associated with survival mechanisms of the wild 
bean in its native habitat.  
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Common bean (Phaseolus vulgaris L.) is the world’s most important food legume 
for direct human consumption, especially in Latin America and in East and southern 
Africa. Some 12 million metric tons are produced annually worldwide, of which about 8 
million tons are from Latin America and Africa (FAO, 2005). In the developing world 
bean is a small farmer crop, and in Africa is cultivated largely by women.  
 
Preferred common bean types vary in size, shape and color from region to region, 
making breeding even more complex. While local criteria for home consumption may be 
demanding in terms of consumer traits, grain quality standards for markets tend to be 
even more stringent. Meeting specific market types has narrowed genetic diversity 
drastically in Latin America compared to the diversity found in landraces. In Africa 
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markets are beginning to drive varietal preference of farmers toward uniform, pure line 
varieties. Breeders must respond not only to production constraints, but to narrow criteria 
that determine acceptability both at home and in the market.  
 
The social context often implies an agronomic setting of marginal environments 
and low external inputs where biotic and abiotic stresses reduce productivity to 20% or 
less of potential yield. Biotic constraints include insect pests, and viral, bacterial and 
fungal pathogens, although in any given production area, normally no more than three or 
four pests and pathogens are a serious threat.  Breeding for resistance to most biotic is 
well underway and continues.  Inheritance of resistance is well characterized for most 
major diseases. Molecular markers for resistance genes have been identified and 
implemented in several cases, given the ease of phenotyping for resistance and the 
monogenic or oligogenic nature of resistance in many cases (Miklas et al., 2006). Many 
important resistance genes have been incorporated into phenotypic backgrounds that can 
be readily employed in breeding for the several market classes. All these factors have 
facilitated progress in biotic stress resistance breeding.  
 
Abiotic stresses  
 
On the other hand, abiotic stresses (climatic and edaphic) probably represent more 
total loss in yield, given that they are widespread, often intense and occur every year in 
the case of edaphic constraints (Wortmann et al., 1998). Estimates of area subject to 
phosphorus (P) deficiency suggest that 50% of bean production suffers from P 
deficiency; 40% may suffer from aluminum (Al) toxicity; and 73% from drought.  The 
importance of abiotic stress is unquestionable, especially in low input agricultural 
systems of underdeveloped countries.  
 
Climate change will bring even more challenges (UNFCCC, 2007). Current 
efforts seek to characterize the implications of climate change as a first step toward 
developing a strategy.   This in itself is a long term activity, as climate models mature and 
gradually converge around consensus predictions for the most important environmental 
parameters of temperature and rainfall. Second order factors involving interactions of 
these and other parameters (e.g., the combined effect of rainfall and temperature variation 
on evapotranspiration), and their stability or instability over time are yet to be dealt with, 
yet these are precisely those dimensions that are of interest to agriculture. At present such 
predictions can only be posed in general terms.  
 
Effects of climate change are most frequently cited in terms of risk of drought. 
Higher temperatures and greater evapotranspiration, combined with lower rainfall is 
expected to exacerbate drought in important bean producing areas of northern Central 
America, Mexico, Brazil and southern Africa (IPCC, 2007). Higher temperatures will 
affect the altitudinal range of adaptation of bean genotypes, and will also reduce root 
growth and accelerate decomposition of soil organic matter (mineralization), making 
problems of stress even more acute.  However, other areas will receive greater 
precipitation. Excess rainfall, waterlogging, and associated root rots will be a problem in 
east-central Africa and the northern Andes.  
 As breeders look to the future and to the perspective of more intense abiotic 
stress, prospects for crop improvement may look dim. It is no secret that breeding for 
abiotic stress tolerance has always been a challenge, making this task less attractive to 
breeders.  The challenges of abiotic stress breeding tend to be common across crops. 
Genetic variability for abiotic constraints tends to be less, heritabilities are typically 
lower, and G x E interaction is normally great. These factors make phenotyping of stress 
reactions more difficult, demanding ample replication, and usually relying on yield trials.  
 
Advanced molecular techniques are sometimes proposed as a response to these 
problems. The conceptual framework for the application of genomics to abiotic stress 
tolerance in bean has been discussed elsewhere (Ishitani et al., 2004). Genetic 
engineering for abiotic stress resistance is showing promise in some crops, but bean still 
does not enjoy an efficient transformation system. Thus there is no empirical data to 
discuss and in this paper we will not deal with the potential of genetically modified 
beans. Rather, we will refer to some multiple interactions of plant processes that in any 
case represent the genetic and physiological background within which transgenes must 
act, and which will continue to influence crop performance.  
 
CIAT’s efforts in breeding beans for abiotic stress resistance 
 
In the bean breeding program at the International Center for Tropical Agriculture 
(CIAT, by its Spanish acronym), abiotic stress breeding has received attention for more 
than 20 years, in particular for resistance to drought, tolerance to low soil P and nitrogen 
(N) availability, and resistance to high Al in acid soils (Lynch and Beebe, 1995; Thung 
and Rao, 1999; Rao, 2002; Beebe et al., 2008).  
 
One advantage in the breeding of Phaseolus beans is the wide genetic variability, 
both within the species, and in sister species with which it can be crossed. Wild common 
bean presents four gene pools (Tohme et al., 1996), two of which are amply represented 
in cultivated bean (Singh et al., 1991), and a third of which there is evidence of incipient 
domestication (Islam et al., 2001). The two major gene pools in turn have been 
subdivided into as many as seven independent races (Singh et al., 1991; Beebe et al., 
2000). Sister species of common bean of the secondary gene pool which can be crossed 
readily with P. vulgaris include of both domesticated species (P. dumosus and P. 
coccineus) and truly wild forms (Freytag and Debouck, 2002).  P. acutifolius (the tepary 
bean), is a fourth domesticate but can be crossed only with great difficulty, and crosses 
with P. lunatus (the lima bean) produce only sterile F1 plants.  
 
Drought resistance  
 
Breeding for drought resistance has a long history, not only in CIAT but also in 
the Mexican national bean program of INIFAP (Acosta-Gallegos et al., 1999), and in the 
program of EMBRAPA in Brazil (Guimaraes et al., 1996). Improved drought resistance 
has resulted from combining germplasm adapted to the dry highlands of Mexico with 
small seeded types from lowland Central America, through recurrent selection within 
each genepool. In a broad based germplasm collection developed under the Generation 
Challenge Program of the CGIAR (Consultative Group on International Agricultural 
Research) and designated the “reference collection”, race Durango from highland Mexico 
and race Mesoamerica from Central America gave better yields than Andean races from 
Peru or northern South America (CIAT, 2008). In the Mexican national program, native 
materials from race Durango have consistently yielded best under drought stress (Acosta-
Gallegos et al., 1999). Both races evolved in regions that are subject to severe droughts in 
some years. In several cases combinations of these two races have resulted in greater 
yields under drought of small seeded Mesoamerican types (Singh, 1995; Schneider et al., 
1997; Beebe et al., 2008).  Only recently have similar results been obtained within the 
Andean gene pool, in part due to the introgression of genes from race Durango (CIAT, 
2007; CIAT, 2008). 
 
In the case of drought, roots have long been recognized as playing an important 
role. A drought resistant line, BAT 477, presented deep rooting under drought stress, 
permitting access to soil moisture at greater depths (Sponchiado et al., 1989; White and 
Castillo, 1992). However, deep rooting alone does not assure drought resistance. Data on 
root density at various levels of the soil profile suggest that deep rooting genotypes are 
not always the best yielding materials (CIAT, 2007; CIAT, 2008). Data on stomatal 
conductance and canopy temperature depression confirm that these genotypes are 
accessing water, but this is not translated into greater yield (CIAT, 2008). In some cases 
and in some environmental conditions, it appears that partitioning to roots can be at the 
expense of grain production. Rather, drought resistance appears to result from a 
combination of mechanisms including a deeper root system, stomatal control and 
improved photosynthate remobilization under stress (CIAT, 2007; CIAT, 2008).    
 
In particular, we have focused on remobilization of photosynthate from vegetative 
shoot structures to pods, and from pod wall to grain, as an important mechanism of 
drought resistance (Rao et al., 2007). Genotypic differences in biomass accumulation and 
partitioning are reflected through three key traits: canopy biomass dry weight at mid-pod 
filling; pod partitioning index (= dry biomass of pods / dry biomass of canopy at mid-pod 
filling x 100); pod harvest index (= dry seed yield / dry pod biomass x 100). Genetic 
variability exists for all three traits and each influences yield of the crop (Table 1). The 
negative relationship between grain yield and shoot attributes such as leaf chlorophyll 
content, photosynthetic efficiency, seed N and P content under rainfed conditions 
indicates the importance of mobilization of photosynthates and higher use efficiency of 
key nutrients such as N and P under terminal drought stress. Under rainfed conditions, 
significant positive association was observed between grain yield and stem biomass 
reduction ((stem biomass dry weight at mid-pod filling – stem biomass dry weight at 
harvest)/stem biomass dry weight at mid-pod filling x 100); pod partitioning index; pod 
harvest index; and harvest index. It is surprising that significant variability among 
genotypes exists for pod harvest index, and that some genotypes fail at this very last step 
of grain production, when the photosynthate is literally within millimeters of the goal, 
and the crop has done the most difficult work already!  We call this phenomenon “the 
lazy pod syndrome.”  
 
Table 1. Correlation coefficients (r) between final grain yield (kg ha-1) and other plant 
attributes of 36 genotypes of Phaseolus beans grown under irrigated and rainfed 
conditions over two seasons in a Mollisol in Palmira. 
 
Plant traits Irrigated Rainfed 
Canopy biomass (kg ha-1) 0.65*** 0.15* 
Leaf area index (m2/m2) 0.43*** -0.20** 
Total chlorophyll content (SPAD) 0.18** -0.18** 
Photosynthetic efficiency (fv/fm) 0.18** -0.25** 
Seed N content (%) -0.29*** -0.45*** 
Seed P content (%) -0.33*** -0.19** 
Pod partitioning index (%) 0.39*** 0.68*** 
Stem biomass reduction (%) -0.17* 0.20** 
Pod harvest index (%) 0.50*** 0.41*** 
Harvest index (%) 0.47*** 0.71*** 
*, **, *** Significant at the 0.05, 0.01 and 0.001 probability levels, 
respectively. 
 
 
We hypothesize that some of the sensitivity of bean to environmental stress is not 
necessarily imposed by the environment but rather is an active survival response of the 
plant to stress (Beebe et al., 2008). We hypothesize that this is derived from the wild 
ancestor that is a long season vigorous vine bordering on semi-perenniality. These are not 
unique attributes of wild P. vulgaris. The closest relatives of the common bean, P. 
dumosus, P. costaricensis and P. coccineus (Freytag and Debouck, 2002), also are 
aggressive climbing vines with low harvest index. Competitiveness among weeds, shrubs 
and even trees makes these species to be extremely vegetative with scant seed production 
in most environments. These sister species are extreme examples of what is observed in 
the wild common bean. For much of the life cycle of the wild bean, survival depends on 
suppressing reproductive development in favor of vigorous vegetative growth to compete 
for light with surrounding vegetation. Seed production occurs when the wild bean has 
reached the top of the canopy and can access adequate photosynthetically active radiation 
(PAR). But even in this case, the proportional remobilization of photosynthates to grain 
(i.e., harvest index) is very poor.  
 
We suggest that some of these “instinctive” reactions of the wild bean and its 
close relatives are deeply ingrained in the genetic code, and are still present in the 
cultivated bean. For example, grain yield of common bean often does not respond well to 
very favorable environments with good fertility and abundant moisture. The crop will 
often become vegetative and yield may actually drop, especially if these favorable 
conditions are combined with low light intensity of cloudy days. These environmental 
factors elicit a response that served the wild bean to compete and survive, although 
domestication has moderated this survival response greatly by changing plant 
architecture, photosynthate partitioning and harvest index.   
 
Ironically, similar responses are elicited by some types of stress, when vegetative 
development is conducive to survival. Our data suggest that drought is conducive to poor 
remobilization of photosynthates to grain, at the same time that root growth, carbon 
accumulation in shoots, stay green stems, and late season re-flowering may increase.  In 
the face of drought stress, partitioning is altered to the detriment of grain filling and yield. 
Selection under drought stress within the breeding program has highlighted the 
expression of these ancestral traits in the cultivated bean and has permitted selecting 
against them, to improve grain yield under stressful conditions. In a very real sense, 
modifying these ancestral responses is a continuation of the process that initiated with 
crop domestication.   
 
Whether yield under stress is compatible or not with maximum yield potential is 
an open question for different crops (Blum, 2005). In the case of beans we have found 
that some materials that were essentially selected for drought resistance also have better 
yield potential in favorable conditions, and frequently within a shorter growth cycle 
(Beebe et al., 2008). It appears that the advantage of improved partitioning to grain that is 
selected under stress carries over into favorable environments. Some drought selected 
lines also performed well in a low P limited environment. While physiologically and 
genetically complex, it is encouraging that improved remobilization to grain may be an 
important part of the solution to several problems.  
 
Aluminum resistance  
 
Roots are a common denominator of tolerance to several abiotic stress factors: 
drought, poor soil fertility, and Al toxicity.  Great variability exists for root traits in 
common bean (Lynch and Beebe, 1995; Lynch, 2007), and matching the root system to 
the environment will be a particular research challenge for the future. Different root 
systems will be required for different soil environments: shallow roots to maximize P 
acquisition in a P-poor soil (Ho et al., 2005, Nord and Lynch, 2009); deep roots for water 
acquisition under drought; greater numbers of root tips for calcium absorption; exudation 
of organic acids as a defense mechanism against aluminum toxicity or as a mechanism of 
P acquisition. Our most intensive work on root systems in recent years has been for Al 
resistance, and we refer to this work as illustrative of both variability in root traits, and of 
difficulties of working with roots.  
 
Common bean is considered to be relatively sensitive to Al compared to other 
crops (Thung and Rao, 1999). The major site of Al perception and response is the root 
apex (Ryan et al., 1993), and the distal part of the transition zone (1-2 mm) is the most 
Al-sensitive apical root zone (Kollmeier et al., 2000). However, in contrast to maize (Zea 
mays L.), in common bean, Al applied to the elongation zone of the root apex contributed 
to the overall inhibition of root elongation (Rangel et al., 2007). Common bean is also 
known to differ from cereals through a lag phase in expression of Al resistance 
mechanisms after exposure to Al (Rangel et al., 2007). Common bean exhibits a typical 
pattern II type of response to Al treatment, characterized by a delay of several hours in an 
Al-induced exudation of organic acids, particularly citrate (Stass et al., 2007). Rangel et 
al. (2009) showed that the inhibition of root elongation is induced by apoplastic Al and 
that the induced and sustained recovery from the initial Al stress in Al-resistant common 
bean genotype is mediated by reducing the stable-bound Al in the apoplast thus allowing 
cell elongation and division to resume. 
 
The most recent phase of our work on Al resistance initiated with a field 
evaluation of a collection of Phaseolus coccineus, or runner bean. In contrast to common 
bean which evolved in a sub-humid environment, this species originated in a moist, 
highland environment on volcanic soils with potential for Al toxicity. Runner bean is a 
perennial plant that forms tuberous roots as a survival mechanism, and thus partitions 
considerable biomass to roots. An unreplicated field evaluation on an Al toxic soil 
revealed accessions with substantially better vegetative vigor than common bean (CIAT, 
2004). Resistance of runner bean roots to Al was confirmed in greenhouse tests, in both 
Al-toxic soil and in nutrient solution with Al (20 µM). Interspecific crosses were created 
to introduce the Al resistance of G35346, an Al-resistant runner bean, into SER 16, a 
drought resistant common bean line. Recombinant inbred lines (RIL) were developed 
from the first backcross to SER 16.  Ninety-six RIL were evaluated intensively for shoot 
biomass and leaf area, total root length, and root diameter in soil tubes; and inhibition of 
primary root length in nutrient solution; among other traits. The RILs were also evaluated 
for yield potential in the field under Al toxicity, under drought, and without stress.   
 
Results were somewhat counter-intuitive. Yield under Al toxicity did not correlate 
well with any specific Al resistance trait in the greenhouse trials, either in the soil system 
or in the nutrient solution. Although some of the RIL appeared to have recovered the 
resistance of roots to aluminum in the greenhouse systems, these did not express good 
yield potential in any of the field trials. Most traits that correlated with yield were also 
expressed in the non-stressed control, suggesting that these are constitutive and not 
specific for Al. Greater root biomass under Al stress did not contribute to yield, but 
greater root length did, indicating that variability in root structure influenced yield. There 
was a tendency for yield to correlate with smaller root diameter under Al stress, which 
possibly contributed to P acquisition and better early shoot biomass accumulation. Our 
immediate hypothesis that vigorous root growth in an Al toxic soil would improve yield 
has been validated, but our expectations about what Al-resistance traits would contribute 
to root growth were not met. While further breeding and selection may yet reveal unique 
combinations of physiological traits that contribute to yield, the relationship of putative 
resistance traits to yield is still unclear.  
 
Table 2. Contribution of root and shoot traits for yield performance of bean in an 
aluminum toxic acid soil.  
 
 Correlation with yield under Al stress 
 Traits in high Al Traits in low Al 
Root traits in nutrient solution  
  
  Root growth rate at 48 h (mm h-1) 0.05 - 0.04 
  % Root growth inhibition, 48 h (high vs. low Al) 
- 0.15 N.A. 
  Root Biomass 0.07 0.25* 
  Total root length 0.19 0.23* 
Root traits in soil tubes 
  
  Root biomass 0.10   0.23* 
  Total root length (m plant-1) 0.27** 0.31** 
  Root diameter 
- 0.23* 0.09 
  Proportion fine roots 0.21 - 0.13 
Shoot traits in soil tubes 
  
  Shoot biomass 0.29** 0.22* 
  Leaf area 0.21* 0.11 
Partitioning under drought stress 
  
  Pod harvest Index  0.42*** 
 
Although yield normally correlates positively with maturity, in this case the 
correlations were negative in both the stressed and unstressed treatments. It appears that 
traits inherited from runner bean may have dominated, and that these were conducive to 
late maturity, excessive vegetative growth and poor partitioning of photosynthate to 
grain. The only data related to partitioning were taken in the yield trial under intermittent 
drought stress, and surprisingly, the parameter of pod harvest index under drought gave 
the highest correlation with yield under Al stress of any specific trait. This highlights the 
importance of partitioning as a mechanism that contributes to stress resistance under 
different abiotic conditions.  
 
Experience with breeding for resistance to drought and Al toxicity may illustrate a 
dilemma in the breeding for better root systems. Given the importance of roots in 
confronting abiotic stress, one expects that root vigor should favor better yield. However, 
by stimulating more partitioning of photosynthates to roots, better yield may not 
necessarily result.  A breeder may be altering the overall pattern of partitioning between 
vegetative and reproductive structures to the detriment of yield. Instead of more root 
biomass, we may need to breed for more efficient roots that use the same biomass to best 
advantage, for example, through longer root hairs, through thinner roots and greater 
specific root length, through greater organic acid exudation, etc (Liao et al., 2004; Yan et 
al., 2004; Beebe et al., 2006; Nord and Lynch, 2009), while maintaining or improving 
partitioning to grain. These are important research issues that must form part of the 
strategy for fitting the right root system to each production environment.   
 
In closing, we are considering an ideotype for the common bean that is 
represented at the other extreme of ecological niches from that of runner bean and 
common bean, in the tepary bean, Phaseolus acutifolius. Genetically distant from the 
common bean, it is considered to represent a tertiary gene pool originating in the deserts 
of Mexico and southwest United States. In this environment, PAR is never limiting, but 
water is desperately scarce. Compared to P. coccineus and other species mentioned 
above, tepary does not have the tendency to excessive vegetative growth, and is highly 
efficient in remobilizing photosynthates to grain. After a burst of early root growth that 
drives fine roots deep into soil, tepary dedicates its energy to rapid remobilization of 
photosynthates to grain filling. It seems that the vegetative and reproductive phases of 
tepary are very well defined, with no ambiguity once the reproductive phase initiates. 
This is a pattern that we would like to emulate in common bean: vigorous initial 
vegetative growth including strong roots with a greater proportion of fine roots, followed 
by a firm commitment to grain production with little or no reversion to vegetative 
processes. This latter step is an important key to assuring that as abiotic stress is 
addressed, and biomass is increased in the face of stress, that this results in improved 
yield potential. Indeed, the domestication process of common bean has gradually moved 
the cultivated bean from its vegetative, viney ancestor toward this more efficient 
ideotype, and we believe that with further effort, we can continue to refine the common 
bean. 
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